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ABSTRACT 


lead and lead~antimony alloys of three various stiffnesses were 
co-extruded through a circular die at area reduction ratios of h, 9, 16, 
and 25. The interface between the two cylindrical billets was made in 
the shape of & cone with various preset apex angles of 180°, 170°, 160° 
and 150°, This comprised a set of lb; different test samples that were 
extruded by the direct preceas in order to study the effects of the above 
mentioned variables, These experiments were carried out 2% constant 
conditions of die coometry, Lubrication, reom temperature, and ram speed. 


The results showed that for a particular ratio of stiffnesses 
between the billets (K,/K,) and a given cone angle, aa the extrusion 
ratio was increased the interface distortion increased, Also, other 
conditions being fixed, as K,/K, increases, the interface distortion, if 
plotted in the fora of 4 defect area, will result in an 3-shaped curve 
which haa &@ maxinum and minimum which are reached somewhere in the neigh~ 
berhood where the stiffness ef the first metel out is slightly greater 
than that which follors, 


It was also found that when X)/Ko was saall (about 0.5) voids would 
form between the extruded billets, 


The variation of the apex cons angle showed that, in general, if the 
cone angle was decreased tha size of the interface distortion decreased, 
This decrease continued to a certain point and then the interface would 
reverss iteslf and increase in the opposite diraction, This situation 
was not studied since the lowest cone angle used was 150°, 
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I. INTROOUCTION 


In the procegs of manufacturing fuel elements for reactors it is 
necessary to clad the nuclear fuel with a more corrosion resistant motal 
so that the fuel elements can be subjected to the flow of the 
heat~dissipating medium and also te capadle of withstending shock. One 
method of doing this in the case of cylindrical fuel elements has been to 
co-extrude the fuel material along with the cledding metal. This is 
normally done by "eanning® the fuel material prior to extrusion, 
Dimensions are choaen so that after extrusion the proper thicknass of 
clad is obtained. This, in itself, presents no preat difficulty, and is 
accomplished with extreme accuracy. However, since these elements are of 
finite length and must be extruded as auch, difficulty arises at the ends 
where the clad material faces on to the fuel material. Instead of 
getting a flat interface batween the two metals, as one would like to 
hava, the normal result is an irregularly shaped interface. 

Typical of all extrusions is a phenomenon which is called an "axtru- 
Sion defect", or just the "defect", As in the flow of fluids, once a 
steady state condition is reached and no discontinuities are introduced 
the flow pattern remaing constant. Such would be the case with 
extrusions if only one stiffness of meatal were used; but in the case of 
co-extrusion, at least two different stiffnesses of metal are used, 

In order to illustrate the significance of the "defect", consider a 
Single metal being extruded through a dia in which a grid has been super~ 
imposed on a center plane as in Figure 1. 

As force ia applied to the piston, a point will be reached when the 


shear Stress is ¢creater than the shear modulus of the metal and flow will 
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commence. The first squares of the orthoconal grid will be distorted to 
a new shape and successive squares will result in varying shapes until a 
steady state conditien is reached. This steady siate condition is shown 
in Figure 2, 

Finally, as the last of the metal approaches the die, the pattern 
changes again and neither resembles the initial pattern nor the steady 
state pattern. These variations of grid pattern at the beginning and end 
of the extrusion as compared to the steady flow pattern are examples of 
"defects", Some authors refer to the distortion of the orthogonal grid 
pattern as a "defect", but this experimenter will use the term "grid 
distortion" for this in order to differentiate between the two, In other 
words, every elamant of an extrusion undergoes grid distortion, whereas 
the dafect occurs only at discontinuities, 

Imagine now, two materials of different stiffnesses arranged as in 
Figwee 3 being extruded through the same arrangement as before, 

Depending upen the relative stiffnesses and many other variables, the 
result will, in general, be as is shown in Figure kl. 

The fact that the interface between the two dissimilar materials is 
no longer a straight line and can extend for great lengths is the problem 
to be attacked by this paper. 

Were it possible to weld or somehow cap the ends of extrusions, the 
defect would present ne problem because one long extrusion could be made, 
cut into desired lengths, and capped. Due to the nature of the metals 
concerned and to the desirability of a metallic bond at the end hetween 
the meat and the clad this is not possible at the present time and conse~ 


quently some neans had to be developad to eliminate or reduce the defect. 
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FIGURE 3 


Extrusion Billet Consisting of Two Dissimilar 
Metals (A and 8) Prior to Extrusion 


~<i——— Direction of Extrusion 


E | 
Defect Interface 


FIGURE 4 


Extrusion Billet After Extrusion Showing 
Interface Between Two Dissimilar Metals 








Presently this is done by preshaping the interface so that a straight 
interface is approached in the final result. The exact geometry of the 
preshape is arrived at by experimental methods fer each particular case 
and can be called nothing more than a trial-and-error method. It will be 
the object of this paper to investigate systematically the formation of 
the defect. 

Since the main problem in this investigation centered around the 
behaviors of two metals having cifferent stiffnessas, the first problem 
wa3 to arrive at an experiment which would show the effects of this 
property. In the beginning, the idea of using 2 commercial plastic clay 
called “Plasticine" was tried and many experiments were carried out with 
this material. Filasticine had possible advantages in that different 
stiffnessss might be sasily attained by merely adding given anounts of 
tale and xneading the clay until it was homozensous. Algo thers was 
quite a large background of material available where Plasticine had been 
used to study the flow of metal during extrusions, rolling and etc. Also 
in its favor way its ralative eass ef fabrication, its ability to be made 
in various colors, and its extremely low extrusion pressure. 

ts disadvantages lie in the fact that ite properties are so 
dependent upon temperature that a few degreeo' change will alter its 
charactsristics noticeably. Another difficulty encountered was dimen- 
Sional stability of the billsts prior to extrusion, Since the whole 
investigation centered around the interface, it was mandatory that the 
original billet interface be quite exact and vary reproducible for 
hundreds of extrusions. The very softness of the Plasticine prevented 


this stability to any great degree but it is felt that this problem could 
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have been solvad by lowering the temperature of the Plasticine during the 
making of the billet in order to wake it easier to maintain tolerances, 

Appendix B details some of the experiments carried out with 
Plasticine prior to the time that a new material was selected. 

In the selection of the new material certain qualities were 
predominant: (1) it should be a metal, (2) it should be relatively soft 
so that tha testing equipment evailable could be used, (3) it must be 
possible to vary its stiffness but not change its over-all characteristics, 
and (4) it should be a material which is readily available and safe te 
use, After looxing over the field it was decided that lead fulfilled the 
specifications since antimony could be added in small percentages to 
increase its hardness, 

The only objection to this selection waa the fact that at room 
temperature lead and antimony would not form a solid solution and the 
possibility existed of having variations in the metal due to non- 
homogeneity. In order to find out if this problem was of sufficient 
magnitude to exclude the use of these two metals, a test was made by 
extruding a long billet oontaining 10 percent antimony and testing each 
plece of this billet by extruding through another die to determine if its 
properties changed with respect to position in the originally cast billet. 
No differences were noted so it was tacitly assumed that all cast billets 
were homoceneous, 

By calling local lead distributors it was learned that lead 
containing any desired amounts of antimony was obtainable by order, but 
that 3 percent and 10 percent were readily available and required no 


apecial procurement. Pure lead (99.99 percent) was also available as a 
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standard stock item. Thus, the selection was made to use three different 
types of lead: pure, 3 percent antimony, and 10 percent antimony. 

Having selected the material to be used, the next step was to 
determine the experiment which would enable an investication concerning 


the extrusion interface to be studied. 
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Ji, THE SXPERIMENT 


Since most of the extrusions made in general practice are of the 
direct extrusion type, it was decided that this experiment would also use 
the direct precess, Figure 1 is an example of the direct extrusion 
process. The simplest geometry for extrusion is the cylindrical type 
where the cross-sections of the billet and of the extrusion are circles, 
This type of geometry was selected, 

The next selection was the size of ths billets and the extrusion. 

The determining factor here was the apparatus available which is described 
in Chapter III, A few simple calculations showed that a 3/h-inch diameter 
billet could be extruded through a 25 to 1 reduction ratio and from this 
limiting arrangement the billet sise was fixed at .7\8-ineh diameter 
(,002-inch under the .750-inch value so that the billet would fit into a 
.750-inch diameter cylinder), Four different values of reduction ratio 


were selected: 


(1) h tel 
(2) 9 tol 
(3) Wtol 
(4) 25 to 1 


It was felt that this range would cover the possible range now being 
used for extrusions and would yield sufficient data to investigate the 
problem, Thus, at this point there are three differant materials and 
four different extrusion ratios, resulting in a possibility of twelve 
different conditions, If 1+ is now allowed to use two different billets 


in the cylinder instead of one, and also specify the material which is 
firat extruded, the possibllities are tripled and thirty-six combinations 


are available. 
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The introduction of one more variable now completes the necesaary 
variations which are required: that of preshaping the interface of the 
billet. In order to understand why the particular shapes were chosen, it 
is necessary to explain some profound results obtained in the Plasticine 
experinents, 

After working with Plasticine for several weeks trying to obtain a 
flat interface by preshaping the billets, the idea came to this invas~ 
tigator of double extrusion. In this process a billet consisting of two 
materials having a flat interface was extruded at an extrusion ratio 
roughly the square root of the final extrusion ratio required, Ses 
Figure 5. This resulted in a billet having an extrusion defect as showm 
in Figure 6, it was now proposed to re-extrude thie billet, but in the 
opposite direction, so that the final extrusion would again centain a 
flat interface as in Figure 5. The idea was to let the physical 
propertiss of the metal and the extrusion determine the complicated 
preshaping of the billet so as to result in e flat interface. 

This experiment was performed many times and always resulted in the 
confusing and then-unexplainable situation of an extrusion defect much 
larger and in the opposite direction of the final extrusion. In other 
words, the billet in Figure 7 was extruded in the diraction show, 
resulting in Figure 8. Then the billet in Figure 8 was extruded in the 
direction shom in Figure 3, and resulted in Figure 10, Theory available 
could not oxplain this result. At first it was felt that the Plasticine 
was the reason for this difficulty, so an experiment was carried out 


using aluminum and the same result was obtained, Sea Appendix C, 
Careful analysis and precise evaluation shows that the result 


obtainad could be predicted if one realizes that there is some angle in 
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Direction of First 


Extrusion 


FIGURE. 5 


Billet Arrangement for First Extrusion in a Double 
Extrusion Process 


Direction of Second 
Extrusion 
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FIGURE 6 


Billet Arrangement for Second Extrusion in a Double 


Extrusion Process 








FIGURE 7 
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FIGURE 8 
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FIGURE 9 


FIGURE 10 


Figures Showing Results Obtained with Double 
Extrusion when Extrusion Ratios of First and 
second Extrusions are Equal. 





the preshaped interface, after which tho first extrusion defect will not 
raverse itself, but will indeed increase in defect length. An analysis 
based on preservation of volume shows this angle to be around 15° for all 
materials and will be discussed in detail later on. 

Having arrived at this angle of 15° for preshaping, it waa decided 
to investigate four different angles in the lead experinent, namely: 

(1) 0° 

(2) 5° 

(3) 10° 

(4) 15° 
Figure 11 shows the general shape of the billet with the cone-shaped 
interface, With these four new combinations available the final combina- 
tions rose to 1k, which was the final number of experiments as actually 
performed, Table I gives a schedule of these different axperiments. No 


two of thesa extrusions ware the same, 
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Materlal Lead (Pure, 3% & 10% Antimony) 
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Extrusion Billet 
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Split-—Ring for Preventing Flashing 
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TABLE I (Continued) 
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Tit. THE APPARATIS 


A 20,000-pound Tinius-Olsen Testing Machine was used to provide the 
power for the extrusions. Means were available on this machine to 
accurately set the speed of the cross~head which, in effect, was the ran 
speed of the extrusion, Since the extrusion pressure is greatly 
dependent upon the ram-speed, it was decided that the ramspeed would be 
held constant fer all the extrusions and was ultimately set at one inch 
per minute, 

This machine alse provided means for recording the lead versus ram 
travel graphically and these graphs were used to obtain a psrmanent 
record throughout the entire run of the extrusion. An example of one of 
these records is presented in Figure lk. 

The actual extrusion apparatus was made as simple as pessible and 
consisted of a cylinder, ram, dies, and stand. Plans of these are shown 
in Appendix A. These were all made from cold-rolled steel and were not 
heat-treated since it was felt that by using the relatively soft lead no 
particular abuse would be experienced by the apparatus. This confidence 
was borne cut by the experiment. 

Since four dies were required, it was necessary to either make the 
dies removable from the cylinder or make four dies integral with the 
cylinder, Raalizing that it would be impossible to extrude 100 percent 
of the billet and that the remainder would have to be removed from the 
cylinder, it was decided that the better arrangement would be to have the 
dis detachable from the cylinder, thus facilitating the removal of the 


spent billet, 
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Use was made of an anti-flashing ring between the ram and the billet. 
Great care was used in machining the cylinder hole and the ram go as to 
obtain a tight but movable fit, However, enough clearance was left to 
permit flashing of the lead between the cylinder and the raw. If allowacd, 
this flashing eventually results in binding the ram. In order to 
alleviate this situation a small steel aplit ring was used as a seal 
between the lead and the ram face, Sze Figure 13. As the ram forced tne 
ring into the lead, the tapered inner face of the ring caused the ring to 
expand outward, sealing off any lead which might try to slip between the 
ram and cylinder. This method worked very successfully. 

The next congideration was that of lubricatien. From experience it 
was Known that some form of lubrication was required in the extrusion of 
lead and most references indicated some form of praphite, However, in 
this experiment the problem of lubrication was made complicated by the 
fact that there should be no lubrication on the interface. This, at the 
onset, ruled out the use of a liquid lubricant unless the interface could 
somehow be closed off, At first the notion of pressing the two billets 
together under extreme pressure in a closed container was tried, but with 
the pressures available this was unsuccessful. Since the lubricant 
recommended waa some form of graphite and dry film graphite was avalilabie, 
the problem was solvad, The billets, prior to extrusion, were sprayed 
with "DGF~123", a quieldrying product produeed by the 1. FP. Products 
Corporation of Tolede, Ohio. Thia method proved to be successful in that 


it provided lubrication to the cylinder wall and etill did net lubricate 
the interface, A small amoumt of liquid graphite was placad on the die 
face to facilitate the initial phase of the extrusion, 

Figure 12 shows the apparatus as set up for extruding the lead 
billets, 
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Pigura 12 - Tinius-Olsen Tensile 2esting Machine Used For 
Extrusion Testing 
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IV. PREPARATION OF THE BILLAT 


The three types of lead were obtained in pig form and were melted 
down in the laboratory under conditions which were intended to prevent 
any contamination which might have caused a variation in its properties. 
Ths nolten lead was poured inte a hollow eranhite cylindar which had an 
inside diameter of 2 inches. This billet was cooled slowly in air and 
caused to solidify from the bottom up by using a torch to apply heat at 
the top. This was done in order to assure that no pipe would fora, 

After cooling, the billet was removed from the graphite cylinder and 
the top inch was sawed off and discarded, Thia billet waa then extruded 
in a 100-ton sxtrusion press using a .756-inch die, ‘fhe extrusion was 
performed at room temperature. These rods were then drawn down to 
Th8-inch diameter on a regular drawing machine, 

After cutting into lg-inch langth cylinders, the cylinders were 
faced off on one end and the required cone machined on the other. Sach 
billet wag labeled as to its cone angle and percent antimony, Although 
the accuracy of the angle as machined could not be attested to, it was 
the procedure that once the lathe was set up for cutting a particular 
angle, all the sammles ware done at once, both the male and female, to 
insure that all the angles were the same within that group of cone angle 
designation. 
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Ve. ANALYGIE 


A. Preparation ef the Sample 


The extrusions were performed in the order shomn in Table I, Each 
extrusion was given a number and all pictures, diagrams, and calculations 
ean be identified by this mumber and reference to Table I. 

As each extrusion was completed, the extruded metal was scrutinized 
in order to locate some tell-tale sig by which the position of tne 
interface could be determined. Usually this presented no particular 
problem because a definite discontinulty would develep. dJometimes where 
the two metals were of the same composition, finding the exact location 
of the interface was quite a problem and long test samples had to be 
taken. The cirsction of extrusion was scribed on the metal. 

Since the information could only be obtained along the cross-section 
of the test sample, it was necessary first to embed the lead into a 
metallographic mounting substance called Casto~Muid, manufactured by the 
Cosmos Products, Inc., of New York City. This facilitated momting the 
wanples in a strong resiliant plastic without the application of heat, 

Each sample was then ground dewn to the diameter by use of a wate 
belt sander and the application of a great deal of water as a coolant for 
the lead. Extreme care was exercised in this process for the lead had a 
tendency to smear if too much pressure was applied, or if the lead was 
allowed to heat up. At first an attempt was made to mill each sample 
down, but this proved to be a graat time-consuming process. By using the 
wat-belt sander, a sample was prepared in just a couple of minutes, 

After this initial rough-grind, the sample was then further polished 


using emery paper down to 2/0 with liberal aszoumts of kerogene as a 
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lubricant and coolant to prevent smearing, Ho finer paper than 2/0 was 
used because the interest was in the interface rather than in the grain 
structure of the lead, 

At this point, many of the samples displayed the interface very 
clearly and needed no further preparation prior to photographing; however, 
some form of etching was called for to facilitate the photographic 
process, Three basic types of etches were used, depending upon the 
composition of the sample, namalys 

(1) Glacial Acetic Acid 

(2) Witrie acid (concentrated) 

(3) Hydrozen Peroxide (30 percant) 

It will be racalled that each sample could be composed of any two of 
the three types of lead. Ili the two mstals in the sample consisted of 
dissimilar metals, such as pura lead and 10 percent antimony lead, then a 
light cotton swabbing with full strength Glacial acetic acid was 
sufficient to clearly bring cut the interface because the greater the 
percentages of antimony in the lead, the lighter in color would be the 
etch, Pure lead turned almost black. 

When the tro leads in the samples were of the same metal, such as 
pure lead and pure lead, then the problem was to try to burn out the 
interface with the hope that the grain structure at the interface wouid 
be weaker and thus more susceptible to a strong oxidising agent. The 
first etching solution tried was: 

16 parte 450 
 parta Acetic Acid (Glacial) 
& parts HNO, 
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In many cases this solution was sufficient to bring out the interface. 
In some isolated cases the aforementioned solution was not successful and 
the following was used: 
1 part HoO> (39 percent) 
1 part Acetic Acid (Glacial) 
Zach sammle was then photogranhed and printed. A complete sat of 


the photographs are vresented in Appendix A, 


3. Dstermination of Extrusion Constant 

One of the few basic ralationships which apply te the process of 
extrusion is the concept of the Extrusion Constant (<). This states that 
the extrusion cressurea ie proportional to the natural logarithm of the 
ratio of the initial to the final cross-sectional araag. 


P K In {Ay/Ap) (1) 


whera P = extrusion pressure (psi) 

Ay = cross-sectional area of pre-extruded billet (area) 

Ay = cross-sectional area of extruded billet (area) 

K = &xtrusion constant (psi) 
This relationship requires that many conditions romain fixed during any 
series of axtrusions. Thus, there is no particular value of K for a 
particular metal since so many other variables can effect Kk. Some examples 
of parameters which have a profound affect on K are: the ram speed, the 
temperature, the type and amount of lubrication, the type of extrusion, 
and the geometry of the dies. 

Realizing that these factors all contributed to the determination 


of K, 1t was mandatory that the experiment be so conducted as to have 


these factors remain constant for all the tests. This was not too 
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difficult to achieve decause of the nature of the factora involved. The 
only items which could not be absolutely fixed were the temperature and 
the lubrication. All the tests were conducted at room temperature which 
varied, over the period of tests, about 10°P, 1% was assumed that this 
variation did not effect the results within the accuracy desired. In the 
matter of the lubrication, it was realized that the exact amount of dry 
film graphite could not be repeated for each test, but that so little 
variation existed that this too was felt to be within the experimental 
error anticipated. 

Thus, with all other conditions remaining fixed, K depended only on 
P, Ary and Ag. Az and Ao were accurately meacurable since the cylinder 
and dies were machined to within .0O0l-ineh. From the inception of the 
design the area ratios wara selected as definite parameters such that 
A,/Ao varied in steps h, 9, 16, and 25. These are called the area 


reduction ratios or extrusion ratios (8.R.) 


BR. = Ay/Ag (2) 
It then follows: 
by 1.39 
9 2.20 
16 2.77 
25 3.22 


Then for a given &.R., K is directly proportional to the extrusion 
pressure, if (1) is valid. During the actual process of the extrusion, 
the load being applied to the ram was being recorded by means of a 
revolving drum and stylus connected by linzagas to the recording dials of 
the Tinius-Olsen machine, This resulted in a graph of load versus travel 


<s 


eT .owsfownt guste? wit eo walle adi le wonwed evpdilen ed éLyetbthh 
dae om ping? tot evew bem) Cletuleede av fen Glows Maine emai ylog 
ao td este rgeet moor te betjovbroo smn wees of 44 ootismivinl edt 
eicd Jedt beewees cow 3D .TPOL teome ,eltae! lo botveo afd devo ,betsev 
ol ol .berieeb yoruogh wll aiitly gf icaws wi #eette dee bib aoltteiiev 
vu lo teoqmer coexe on * tart baw'iney now sf tteatucel al) be awésam 
eitsti os dads Sud .dewt cong 967 ipdewees at Jog blece atidgom, af 
Lacnemiveqes edd aid¢tiw ed of tfet enw mod eivlt Jadd betetue sete st wv 
ee | 
mo tind bakdondb 5 jbdtit ylliniiae: eaoit nos sadto Lis Ayhw .eudl 

“whallys eld eonte eldwiwvesen Uedewives exer gh baa gh gh baw «sh 

edd 10 woldqeént edi wet. ,dontL00, piiltiw of bontiioas ovew seth baa 





tu que cwTembuac s¢fatiah 2 bevels cas we vedi fos od glean 
gous sed hel iae ote ona mm oe FB enim og 
~~ > . 


( 


(8) —a o—_ é6b 7~e ‘— —~ =} 7 


ie + - v—_— ted he ee ‘ 






















ise oh el Pd - 





> b tea” ort rg 
——— —_—- _) at, 7 ath tas ws we | 
py is hard toons ig oy eres 
pamlpteberascakenmas 2) 


porn pe ead 


aurea a 








——— —— Get oe 












Yo ‘ 
go ein 


es ue 








of the ram Xnowing the cross-sactional area of thn ram, it was pousible 
to convert directly from the load reading te a pressure reading. 

Determining that particular value of the load to use presentad a 
problem since at no time was a constant value attained, In Figure 1,4, 
which is a typical example of the typs of curve obtained from the machine, 
several interesting things can be noticed, Since the ram speed was 
constant, the initial load wae applied at a constant rate and is 
evidenced by the characteristic straight line at the beginning of the 
plot. This is analogeus to the proportional ragion of a strese~strain 
curve for metal. As the load finally reached the point where the metal 
was stressed beyond the elastic limit, the extrusion began, At this 
point, a definite maxinun occurred which was the stress reguired to start 
the extrusion. Once the extrusion began, the stress dropped to a lower 
value and reflected that strese which was required to maintain the extru- 
sion. For the direct type of extrusion, this value did not remain 
constant because the friction experienced by the billot was decreasing as 
the billet lenzth was bacoming shorter. This downward trend is very 
evident in all the cwrvaa end appeared to ba of constant slope for all 
tests. 

As the interface between the two metals approached the die, there 
appeared to be a definite discontinuity in the recordsd curve, Depending 
on the metals involved and the angle of the cone, this discontinuity 
varied slightly. After this discontinuity passed through the die, then, 
once again, the stress (or load) settled dowmm to the relatively constant 
extrusion pressure characteristic of the second billet material. 

One thing very noticeable on all the curves was the harnonic~-like 


vibration which oecurred whenever a discontinuity passed through the die. 
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This was always evident at the beginning of the extrusion and when the 
interface passed through the die. This phenomenon, not being of partic- 
ular interest at this point, will be discussed in more detail later on. 

In order to arrive at a mean value of the extrusion pressure for 
each region of the curve, a smooth ourve was drawn through the slowly 
varying region, disregarding the initial peak value. Then by taking the 
value at the mid-point of this curve, the so-called mean extrusion 
pressure was determined. It is obvious that some angineering judgment 
had to be used in arriving at these values, but, as Table III indicates, 
very good values were obtained, 

From this point it wae a simple matter to arrive at K for each 


region and ultimately obtain K,/Ko. 


CC.  Datermination of Extrusion Defect Area 

The photographs shown in Appendix 4 clearly show the interface 
between the two extruded billets and the object now was to determine just 
what parameter would be used to classify the defect, Not knowing how the 
information would finally be used, it was decided to gat as mich infor- 
mation as possible from the photesraphs, Figure 15 is a typical example 
of an interface and shows the points and areas under consideration, 

By using a calibrated planimeter, the area acbf was determined from 
the photograph. Since all the photorraphs wore made to varying scales, 
these areas had to be multiplied by the area maynification of each 
photograph. This factor was arrived at by measuring the line de in both 
the photograph and the sample. By taking the aquared ratio of these 
numbers, the area multiplication factor was determined. Then, by 
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dividing the area of Acbf of the photograph by this factor, the actual 
area of the sample for acbf was determined. See Table Il, 

It was also felt that the area sod plus ceb was of importance and ao 
the line cf was measured, multiplied by line ce, and divided by the area 
multiplication factor, This determined area adeb and from this area was 
subtracted the already known area acbf, giving area sed plus ceh. 

Unfortunately, not all the interfaces were symmetrical about the 
centerline, and in these cases the line ab was drawn, comecting the 
points whsre the interface terminated at the outer edge. Point f was the 
mid-point of line ab. Line de was drawn through point ¢ and perpendicular 
te the centerline of the extrusion. Results of these calculations are 


also shown in Tadle II. 
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VI. RSGJLTG AND DISCUSSION OF PESULTS 


A. Normalized “ctrusion Defects (Figures 16 - 28) 

From the uegatives obtained in photographing the etched interfaces, 
a normalized interface was dram, using a photographic enlarger. On a 
piece of white paper a one inch line was drawn and the enlarger magni- 
fication was so adjusted as to make the diameter of the extrusion at the 
interface coincide with this drawn line. A pencil sketch was then made 
of the interface, Thus, 211 ik; samples were normalized, as it were, to 
& comacn ony inch base. In redrawing the grouped sketches shown in the 
figures, a free hand was taken in making the interfaces symmetrical about 
the centerlins, since very few of the samples were truly symaetrical, 

In the grouping of the normalized defects, it was planned to group 
first of all, all those extrusions in which the metal compositions were 
idcntical, Thus in Figure 16-a is seen only those cases where pure Lead 
was pushing pure lead for a particular extrusion ratio of k. The only 
variation in Pigure l6-a, and all the subsequent figures, is the presst 
cone angle. The numbers inside the parenthesis indicate this angle and 
those numbers outside indicate the extrusion number tabulated in Table I. 

Figures 16 ~- 18 are all at an extrusion ratio of , whereas Figures 
19 ~ 22 are at an extrusion ratio of 9, This pattern continues 
throughout the remainder of the figures, 

In analyzing these curves one musi bear in mind that as the defect 
curve approaches the outer edge in many cases i£ becoges parallel to this 
edige and the determination of the cut off point is almost impossible, 

For this reason, it is wise to utilize two parameters, or in effect, to 


observe two characteristics of the curves. The most important thing to 
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dubliehias adress % : 


iD 


observe is the overall shane of the curve, especially the region near the 
vertex, and secondly the relative heights, or as is commonly referred to 
as the defect lenrth. Recall that these curves are normalized and that 
comparison of height will have no justification batwean varying extrusion 
ratios, In the carly stages of the experiment it was thought thet the 
ineluded angle at the vartex would lend itself as a convenient parameter 
but these ficures show that little or no information would be gained frem 
this point of view. 

It might be well to mention at this point that the area included 
under these curves is not the se~-called defect area as determined in 
Table II and used subsequently for analysis. Racall that the defect area 
is the shaded portion as shown in Figure 15, 

Certain basis results are evident from these curves, This infor~ 
mation, in itecif, is not profound but merely agrees with generally 
welleknowmn characteristics of tha extrusions. 

1. As the extrusion ratio increases, other variables being fixed, 
the defect length increases, 

2. As the extrusion ratio increases, other variables being fixed, 
the interface vertax angle becomes more acuts. 

3. Generally, but not in all cases, as the preshaped cone angie is 
increased from the flat interface, the defect becomes legs and the vertex 
becomes flatter, 

Other characteristics seem to show certain trands which are either 


in disazreement with present theory or are not Zound in present day 
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references. Briefly mentioned below ura these trends which will be 
analysed further using defect area parametvar 

1. For a given extrugion ratio and cone angle, as the K)/Ko ratio 
i@ initially increased, there is a steady increase to the defect length, 
however as the K;/Kp ratio exceeds unity and extends out to about 1.5, 
there is a sharp drop in the defect length. After this drop, with the 
K,/Kg ratio increasing still further, the defect length increases still 
further. 

2. For low extrusion ratios, variation in angle or metal composition 
shows little effect on the extrusion defect length or shape of the vertex. 
At high extrusion ratios, small variations in any variable produce 
tremendous changes in the shape of the defect. 

3. Formation of voids, which will be covered separately. 

hk, The formation of reverses or "dimles" in the interface occurred 
with equal probability at cone angles of 10° and 15° and did not occur at 
6° and 5°, 

5. Increasing the cone angle did not necessarily reduce the defect. 

6 Wo simple rule existed which would allow one to preduct 


interface shapes, 
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B. _Sffect_of Varying K,/K, Ratio (Figures 29 - 36) 


Figures 29 — 32 show the effect on the defect area with variation of 


the K,/Ko ratio. 


Table Il. 


Information to plot these curves was obtained from 


Since the metal used for each classification came from the same 


batch and can be assumed to be homogeneous, 1% might be suspected that 


the K)/Ky ratio for all the P~ P extrusions, for exampla, would be the 


same, This was basically trues, but since a particular K)/Ko value was 


found for each run, that value was plotted. 


It was of interest to 


determine the average value for all the various combinations and the 


results are shown in Table III, 


tes wv oO > 
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TABLE IIT 


Ky/Ko 


596 
683 
934 
1.053 
1.065 
1.082 
1.2h5 
1.635 
1.948 


MeTaAL COMBINATION 


1O- P x 
3~ P 
10~ 3 
10~ 10 
Pm P 
3- 3 
}- 10 
P- 3 


Pe 10 


tIindicates 10 percent antimony lead pushing pure lead. 
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The type deslgnation was assigned sc that Type A had the lowsst 
Ky /Kp ratio. Cf interest is the fact that for Types D, E, and F, the 
K,/Ko ratio is slightly above 1.00. This 1s completely understandable if 
one recognizes that part of the load registered by the tensile machine is 
due to the friction between the lead anc the cylinder wall. in the 
beginning tee friction 1s greatest because there is more friction area, 
AS the extrusion continues this araa is reduced and consequently the 
friction is reduced, giving a lower reading for the second billet than 
the first. 

Rote also the very good agreement found in Types D, &, and F aa to 
variation in 4)/i,. This would give credence to the values obtained for 
the other types. 

Table 1¥ is a compilation of the extrusion constants (K) for the 
metals used, depending upon whether it was the first or second billet out 
of the die. These values agree fairly well with sublisned data, but as 
was stated earlier, go many other variables enter into the determination 
of K that before comparisons can be made, the complete picture muat be 
analysed as to temperature, iubrication, die geometry, and ram speed, 
Sufficient, however, is the fast that K dld remain a constant for this 
series of experiments. 

Referring again to the series of curves plotted in Pigures 29 ~ 32, 
it will be noted that they are all similar to a modified S-curve. At the 
low values of Kj /Kys that is, waere a hard metal is pushineg a soft metal, 
the defect area is small, Carrying this axample to the extrese, assume 
that the hard metal was steel and that the soft metal wera a iiquid, sey 


water, It can be visualized that a very small defect would form because 
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the water, under hydrostatic pressure, with negligible shear, would flow 
completely out of the die before the steel waa extruded, It ia trues that 
as the steel was extruded 1t would not come out flat, but would have 2 
defect. It is this aspect which would restrict one from obtaining a 
completely flat interface by variation of the &,/K, alone, It is still 
necessary to preshanpe the billet. This point of view is merely academic, 
because in dealing with extrusion problems, the selection of H,/Ky is 


seldom allowed but rather pre-determined, 


TABLE IV 
BXTRUSION CONSTANTS (K) 


EXTRUSION 
CONSTANTS 
KSTAL (P51) 
Pure Lead 6374 
(lst Billet) 
Pure Lead 6032 
(2nd Billet) 
3% Antimony 10163 
(lat Billet) 
3% Antimony 9347 
(2nd Billet) 
10% Antimony 1i7i2 
(lat Billet) 
10% Antimony 11011 


(2nd Billet) 


As the ratio of K,/Kp increases from this low value (less than 1) 
to values around unity, the curves increase until a maxiwam is reached 


which generally lies somewhere between Kj) /K> = 1.0 and 2.0, Herein is 
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the situation where both metals ara of the same hardness, Ag could be 
expectad in this range, an increase in the extrasion ratio causes an 
increase in the defect area. 

Any further increase in K)/Kz causes a shurp drop in the defect area 
which, up to this point, is the most sigmifieant aspect noticed. 
Inereasing K,/X, still further produces a minimax to the curve after which 
it again starts to climb and as far as these experiments were concerned, 
did net reach a plateau or reverse itself again. 

The fact that these curves were not smoothly varying curves without 
maximums or mininwms points up the strong dependence of the defect area 
on the K,/Ko value. For example, if one has a pre-determined K,/K2 and 
extrusion ratio, then one doses not know where he might be in relation to 
the maximum or minimum without having one of these experimental curves 
available. Basic theery cannot, ad does net predict, these S-curves, 

The minimum values reached were unquastionably noted and repeated 
themselves to the point of almost certainty. Again going to extreme 
situation, assume that water is pushing steel and it can be visualised 
that a large defect would form bscauss again the water acting under 
hydraulic pressure will exert itself equally on the surface of the steel. 
As the ateel flows out, the central mass is flowing faster than ths edge 
mass and a large defect would davelop. Thus, the large defect values 


found for high &,/X_ ara understandable, 
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C. Bffect of Variation of Cons Angle 

If attention is now dirscted to the variation of the defect area 
with cone angle it can be seen that no elear cut rule can be laid down. 
Generally, when the cone anzla is increased from the flat interface 
(0° cone angle) the sise of the defect deereases, but there are definite 
tendencies which shew that for particular ratios of K)/Kp and extrusion 
ratios, increasing the cone angle actually increases the dafect area. 
When the ratio of Kj/Ka is around unity then the general rule holds, 
Beyond a value corresponding to the peaks, variation in cone angle is 
completely dependent unon the relative position of the maximum and 
minimum of the various 5-curves, 

in order to gravhically illustrate the denendence of defect area on 
both Ki/Xp and cone angle, Figures 37 - 0 have been plotted in a three- 
dimensional diagram showing the contours obtained for the various 
extrusion ratios, 

In attempting to find soma juatifieation for the peak values of 
defect area as the K,/Ko ratio exceeds unity and then suddenly drops, it 
becomes paramount te again question the method by which the defect ares 
was measured, This problem manifested itself from tha beginning because 
no clear cut definition of the defect was available. In utilising the 
area as finally selected, it was falt that this area was certainly as 
good as any other parameter which was available, It may be that the 
characteristic S-curve is a direct result of this selection and that no 
theoretical analysis can explain these curves. It is of interest to note 


that if the araa achf of Figure 15 io used as the defact area, the same 
type of curves are obtained, This fact, in some small way, substantiates 
the results found by using the parameter as chosen. 
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FIGURE. 38. 


THREE— DIMENSIONAL. PLOT OF 
Ki/K2 VS CONE ANGLE VS 
EXTRUSION DEFECT AREA 





EXTRUSION RATIO= 9 
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FIGURE 39. 


THREE— DIMENSIONAL PLOT OF 
Ki/Ko2 VS CONE ANGLE VS 
EXTRUSION DEFECT AREA 





EXTRUSION RATIO= I6 
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FIGURE 40. 


THREE— DIMENSIONAL PLOT OF 
Ki/Ka VS CONE ANGLE VS 
EXTRUSION DEFECT AREA 


EXTRUSION RATIO= 25 






lo EXTRUSION DEFECT AREA —» 





D. Formation of Voids 


In 32 cases out of the 1), samples tested, voids wera formed between 
the tro matals after extrusion. Almost without fail the K;/Ky ratio was 
very low when the void formed. This is easily understood when it is 
realized that a hard metal is pushing the soft metal, As the interface 
passes through the die, the rear defect formed in the soft metal 
continues to increase by tailing back along the outer edge. The harder 
meatal having a higher shear stress is incapable of keeping up with the 
faster moving soft metal in the center, As a result a void is formed. 


Tabulated balow is the result of void formation: 


TABLZ V 

NUABSR OF SAMPLES 

TYPSe WHERS VOID FORMED 
A (Low K,/Ko) ral 

B 

C 6 
D 2 
Ea 2 
F 2 
G 0 
H 0 
I (High Ky /K>) 0 


*See Table III 
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VII. CONCLUSIONS 


Before any conclusions can be reached it should be borne in mind 
that Ui test sammles were investigated and that of these ly) saaples no 
two ware the same, Any analysis which might be based on the numerical 
data obtainad from any cne sample is very doubtful. Any curve drawn 
using as its basis the data from one sample is extremely doubtful, It is 
for this reason that ¢reat liberty was taken by the author in arriving at 
the curves, Hany points fell mtirely outside the ranze of reasonableness 
and wera just discounted altogether, Thus, the conclusions that follow 
are based solely on the trends that this experimenter thought were 
evident. Another person, in viewing this data, might very well arrive at 
complately opposite views. 

Based on the data found in this experiment and the interpretation 
placed thereon, certain conclusions can be reached. 

A. To a certain degree, interfaces resulting from extruding two 
metals of differing stiffneases can be predicted, If one knows Kj/K> and 
the extrusion ratio then it should be possible to seiect a preshaped cone 
angie which would result in the flattest interface ohtainable under those 
circumstances, This interface will not necessarily be comoletely flat. 

B. Extremely small defects result when K,/X> ie small, regardless 
of the extrusion ratio, However, the undesirable result of voids is 
prevalent at swall K,/K, ratios which means that little or no bonding 
would result at the interface, If bonding is important, then some means 
should be used to prevent extrusions at low K)/k> ratios, This might be 


accomplished by the use of a buffer plate which has a stiffness 
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intermediate between the two metals, ‘Selection of this buffer material 

would have te be based on its nuclear as well as its machanical properties. 
C. Sxperimental determination of the S-curves would be very 

beneficial in determining the cone angle which should be used for 


eptaining flat interfaces, 
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VIII, RECOMETNDATIOCNS 


A. Extension of Investigation 


1. It 18 recommended that further study be made at cone angles in 
excess of the 15° tried in this report. Each particular group of 
experiments should be carried to the point where the defect area 
becomes negative, that is, completely reverses itaclf, 

2. It is recommended that, if this experiment ie continued, each 
particular test be run at least three times in order to minimize the 
probable error. One great problem in extrusions is the fact that it ie 
not an exact science due to the pronowmeed effect each of the many 
variables can play on the final result and the inability to precisely 
control these variables. The only solution to a situation of this type 
is to repeat the particular test enough times so as to miniealas the 
effect of the variables. 

B. Double Sxtrusion 

It is recommended that the possibility of arriving ata flat 
interface by the use of double extrusion be investifated further, 
utiliging the apparatus for this experiment. The first extrusion should 
be done at extrusion ratios slightly over one and the eecend extrusion 
should ba run at varying extrusion ratios in order te determine just what 
combination will result in a flat interface. 

c. Puffer Plates 

It ia recommended that the idea of using 4 metal of intermeclate 

stiffness between two metals where K,/K> is small be investigated in 


order to determine if formation of voida can be eliminated completely, 





ob eatin coy ls Lk ee ES ee TH t 
“e quem Uilsotices Geel .dreqea elit af Dela? O71 ost Yo emeome 
hate fuetet eAt etme datnq edd ot betaine af bikote eomalieahe 
oilew t esevsevet ylatelqmoo af gad ,svisagen tomooed 

dame ,beuniseoo Of Yremtumaxe aidt 22 ,ted¢ bebmemmooe7 ai tI 4S 
edt eslmiatn of vebw ni cemit weuit desel 32 aus ed Jsed salwoldred 
we. 04 Jedd Joet eft 22 eremlegvsixe al meidorg deem enO 3 .101re sidsdog 
Geo wl cc Howe foe?tLo beanvoseiq eft o3 exh someloe Joeas ne Jon 
qlettowng ot pel Lidteel edt hee diivee: inet edt ao ysig aes asidsiumv 
eget 4h43 Yo notlastia « of aotstuioe yleo ofl .seldstast seeng Loudneo 
os! etietode ot e@ ce semis dgvene teut wivoltwea, eld taeqes of Gi 
,eeldsiiay edd Yo Joelle 

telt « 3s guivinw to willdieecq etd dadt bebmommeser ef 31 
,veddue? betegiteevtt ed sciaustxe eldwab to sev add yW eosl etal 
bivedta cebtewntxe deat? efT  toemiveqze eidt 70l estareqgs old goiaility 
robert xe LOeoss eft brs sae wvo ySitgile eotder molewiéxe os emob ed 
ghiw tect exleveteb of asta at soidger nolarstse gaiyiey th ows ed blvere 
secsivetai tell a at siveet [Ihw aolianiweoo 





ofethomvetal te (6den & grtay to sebt ed dad Sebaemmeses al SI 
ol tetagico@yn! of (nem Of ol\;X anedw slegee ont neomed erenliive 
s(letelquon becentalie w! uso ehiev le soils) i} eatrretst, o¢ tebi0 





APPENDIX A 


1. ___ Detailed Drawings of Apparatus 
2. Photographs of Extruded Samples (Figures A-6 to A~21) 

Each sheet of photographs contains those samples in which the 
extrusion ratio and cone angle renained fixed. Only the type of metal 
changsc, See Table I for description of sample. 


Arrow at top of sheet indicates direction of extrusion. 


Note: Samples #55 and #14); were inadvertently placed in the opposite 
direction when photographed and consequently their direction of 
extrusion is opposite to that indicated. 
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FIGURE A-| 


Extrusion Cylinder 
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Figure A~7 ~- Photographs of Composite Lead Billets after Extrusion Showing Interface. 
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Figure 4-8 <- Photographs of Composite Lead Billets After Sxtrusion Showing Interface. 


Axtruaion Matie = 16 





x SZ = OTPRN UoOTSRI4W 
*OSeTASZUT Zuy MOUS USCTandyXR JOUTV SLSTITH peey eypeoduey Jo suder¥onegg - ¢~y eunity 


oe” We, a ante a as 


i " 


q 





ay 





AL 





— 
~ 
~~ es 4 


Lor 
Bp: 


cone Pays, fer 


*. 


-——— 
a 


a ee 
4 > r 


- 
a5, 


a 

bs 
a a 
» i. 


A 
ye eT 


’ © 4 —*. 


‘2 ~ 
ay 


tee 





, Sp eal 
— x a 


~ 4°75 
a Te | 






r. 
“=: 





Y = OFQUE UCTSRIZXE | , a 
*eOeJJ OLY Juyeoys USTENn4E JORTV SISTTTG prey SqyTsoduieD jo SYCEIZAVoYd Oi-¥ esRsTZ 


MV 








ee 





HY = COFFEY VOPSNI9 XT 
‘eoejsequy SupMoyug WOTSNagxy 2697V SIOTTHE pee, ayteoduag jo syudestozoud TI-¥ eanatyg 


0 6 


1S 





< 
a \ 
¥ > 
; , A 
3 
~ he J 
“—-. 
? f-) —, gg?” 
‘~~ 
aa ? 
= 4 . 
7 ae 
4%, 
aS 
“a “aE ; 
% i 
Lh 2 . : 
3 a . a 
he “8 ‘ 
s ec - 
4 ce 
ris 





P 
ws 





s°7 





Y = OFgey Lopenagxy 
*exeysequy SupRoyg BoTSKIgXy JOVJy SPOTTTH pecy eqyysodmeg Jo sydesZojyoyg ~ ZI-y¥ eansyy 


09 


SS 





eal 


Paw aware 
eal 
ee. 
now 


aan 
> - 
es ae OR 


enoreagn” 





X 









a4 






(2 


(f 


10 


Figure A~13 =~ Photographs of Composite Lead Billets After Sxtrusion Showing Interface. 
Extrusion Ratie = 3 
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Figure A-l ~ Photegraphs of Composite Lead Billets After Extrusion Showing Interface. 
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Extrusion Ratio 





40) 


¢ 


GZ = OF FRY wopTsnsyxy 
‘SOR jleqUl FuyMoyg UOyenagxy FEVJY EYETTTE peey szyscdmog Jo eydertoyeyy ~ S{-y eansya 


92 


i 
| 








QA 


; 6 = OFFey UoTenay xg 
SOUTIOYUL FuUyMOUS VOTSENAZRY LeVJY CYETIFA peey eqzpeodsen Jo sydeatozous 


~ OT-¥ emety 











® a 


Ficure A~17 
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Figure A-l3 = vhotographs of Composite Lead Billets After 
Extrusion Showing Interface, Extrusion Ratio = 25 
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esite Lead Billets after Extrusion Showing Interface. 


Extrusion Ratio = 25 





Figure 4-21 =< Photograp.is of Comp 
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APran5IX B 


PLASTICINS ZAPZRIMSHTS 


1. The Material Joed 

The Plasticine used was a plastic clay distrit:ited under the trade 
nase Of "Plastalena", meuufactured by the Jtewart Clay Company of New 
York 13, New Yerk, 1¢ was a non-hardening clay which came in a variety 
of colors and, much to the chagrin of the investigator, @ variety of 
hardnesses, The cclor appeared to have a remarkable effast on the 
hardness, probably because in its manufacture, a batch consisted of one 
color. In conversation with the manufacturer, it was learned that 
precise methods were not used to any degree at all, 
2. Ilabrication 

An attempt was made to determine the best lubricant for obtaining 
the least friction between the clay and a bright meatal surface, The 
following substances were triads 

a. Tale 

b. Dow Corning 703 Silicone Fluid 

c. Dow Corning 9981 LT 

d. Shell #140 Gear Box O11 

@. Teresso £65 Hydraulic Oil 

£. Mineral 011 

Ge <Aquadag 

h. Johnson #150 Wax Draw 

i. Welsh Duo~seal O11 

j. Duamore Cool Bearing Oil 

k. Labriko Grease (Density M6) 
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1, Liquid Creen Seap 

m Water 

n. Zthyl Ricinoleate (Eastman Kodak) 

o, Polyethylene Clycol 7600" 

The test consisted of extruding Plasticine through a circular die 
using an extrusion ratio of h and a billet diameter of .750-inch. The 
die, cylinder wall, ran, and billet were coated with the specified 
lubricant and the extrusion prassure was recorded, Without going into 
graat details of the analysis, it was found that water waa the best 
lubricant of all the materials tried. Host of the oils showed little if 
any variation. The Johnson Draw Wax closely appreached the water value, 
in no cases was it possible to lubricate the throat of the die for more 
than a small portion of the extrusion, which indicated that the clay was 
soft enough to prevent the thin film lubricant from passing into the die, 
This was significant in that during the initial stage of extrusion the 
throat was lubricated; whereas, for most of the extrusion the throat had 
no lubricant whatsoever. This point should be remembered in analyzing 
the results of extrusion with very soft materials. 

One point in favor of using plain water as 4 lubricant was that it 
was not a solvent for the binder in the clay. 

3. Density Measurements 

some thought was given to kneading the clay in order to insure 
homogeneity. Invariably kneading resulted in lower extrusion pressures. 
Density measurenents were mace on different colors and with kneaded and 
unknesded clay. As suspected, density varied with color but only from a 
batuh-wise point of view. Significant, however, was the fact that the 
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unkneaded elay was always less dense, sxhich can be attributed to the air 
bubbles existing in the elay prior to kmeading. This variation amounted 
to about 1 percent. 
4. Interface Study 

A gariee of simple extrusions were conduoted using two different 
colored Plasticines in order to study the formation of the interface 
which developed. Ho quantitative data was taken, sines the cbhject was to 
Cetermmine the feasibility of using the Plasticine as an extrusion mediun, 
t% was from these experiments that it was decided to use a metal such as 
lead. The main reason for its unacceptability was the lack of reproduc- 


ibility and the difficulty exserienced in obtaining accurate measurements, 
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APPENDIX C 


DOUBLE EXTRUSION EXPERIMENT W1LTd ALUMINUM 


In order to determine if the results obtained in the double 
extrusion experiment using Plasticine were applicable oly to that 
material alena, the same basic expsriment was carried out using aluminuz, 

A billet, shown in Figure C-1, was machined from 145 aluminum A 
1/8-inch hole was drilled as indicated and filled with powdered copper so 
that a radiograph could be taken in order to show the results of the 
extrusion on a transverse grid line. This billet was then heated to 
h9O0°C and extruded through a 1.05h-ineh die, giving an extrusion ratio of 
4, Figure C-2 is the radiograph of the billet after the first extrusion, 
This billet was then re-extruded from the opposite diraction, using a 
.55~ineh die which gave an extrusion ratio again of 4, Figure 0-3 is the 
radiograph of this final extrusion. 

Note that the extrusion defect after the first extrusion is quite 
normal and is what one would expect; however in Figure C~3 the extrusion 
defect has not reversed itself anywhere alons the line and has greatly 
increased in length. This inability of the defect to show even small 
signs of reversing itself indicates that this is an instance where the 
defect after the first extrusion was too great, and in fact, far exceeded 
the point at which it could be reversed, 

it would be interesting to repeat this experimant and for the first 
extrusion use an extrusion ratio of around 1.5 and then re-extrude at 
about 10-16, In this way, the defect would be around the 15° cone angle 
range and could possibly result in a flat interface. 
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Drill 1/8" Hole 
and Fill with 
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Figure C-l 


Billet for Aluminum Double 
Extrusion 








Figure C-2 - Radiograph of Aluminum Billet After First Extrusion 
Showing Distortion of Copper-Filled Hole. Direction of First 
Extrusion was from Right to Left. 
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Pigure C=3 - Radiograph of Aluminum Billet After Second Extrusion 
Showing Distortion of Copper-Filled Hole, Direction of Second 
Extrusion was from Left to Right. 
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